A four-dimensional intermolecular potential-energy surface has been calculated for the HCN-HCl complex, with the use of the coupled cluster method with single and double excitations and noniterative inclusion of triples. Data for more than 13 000 geometries were represented by an angular expansion in terms of coupled spherical harmonics; the dependence of the expansion coefficients on the intermolecular distance R was described by the reproducing kernel Hilbert space method. The global minimum with D e = 1565 cm −1 and R e = 7.47a 0 has a linear HCN-HCl hydrogen-bonded structure with HCl as the donor. A secondary hydrogen-bonded equilibrium structure with D e = 564 cm −1 and R e = 8.21a 0 has a T-shaped geometry with HCN as the donor and the acceptor HCl molecule nearly perpendicular to the intermolecular axis. This potential surface was used in a variational approach to compute a series of bound states of the isotopomers HCN-H 35 Cl, Cl for total angular momentum J =0,1,2 and spectroscopic parities e, f. The results could be analyzed in terms of the approximate quantum numbers of a linear polyatomic molecule with two coupled bend modes, plus a quantum number for the intermolecular stretch vibration. They are in good agreement with the recent high resolution spectrum of Larsen et al. ͓Phys. Chem. Chem. Phys. 7, 1953 ͑2005͔͒ in the region of 330 cm −1 corresponding to the HCl libration. The ͑partly anomalous͒ effects of isotopic substitutions on the properties of the complex were explained with the aid of the calculations.
I. INTRODUCTION
The study of weak intermolecular interactions has evolved into a discipline in which theoretical calculations and experimental spectroscopy are inextricably linked. Since highly accurate ab initio calculations have become feasible, theoretical calculations may facilitate, or even make possible, the experimental assignment of intermolecular rovibrational transitions. One example is Ar-CO, a prototype van der Waals complex, for which numerous theoretical and experimental studies ͑see, e.g., Refs. 1-3 and references therein͒ have led to a nearly complete understanding of the lower-lying intermolecular rovibrational levels.
As one of the smallest hydrogen-bonded dimers the HCN-HCl complex seems ideal for ab initio quantum chemical studies including electron correlation. To date, however, only one such study has appeared. In 1998, Araújo and Ramos 4 presented a second-order Møller-Plesset 5 ͑MP2͒ study of the equilibrium geometries, binding energies, and vibrational properties of the HCN -HX ͑X =F,Cl,NC,CN,CCH͒ series of dimers. Although Ref. 4 is mainly focused on the changes in monomer properties on formation of the complex, harmonic vibrational frequencies are given for the intermolecular stretch and bend modes. However, as the intermolecular modes are large amplitude motions, the harmonic approximation cannot be expected to give accurate results, certainly not for the overtones.
A possible reason for the little theoretical interest in the HCN-HCl complex could be the scarcity of experimental results on the intermolecular motion. The HCN-HCl dimer a͒ Electronic mail: A.vanderAvoird@theochem.ru.nl b͒ Electronic mail: Thomas.Pedersen@teokem.lu.se c͒ was first observed in the gas phase by Legon et al. 6 who determined accurate spectroscopic constants for the ground state and deduced that HCN-HCl is linear with a vibrationally averaged distance of 3.9380 Å between the centers of mass of the monomers. Bender et al. 7 and Block and Miller 8 later observed a small redshift ͑2.5 cm −1 ͒ of the intramolecular CH stretch vibration upon dimerization, and Bender et al. 7 estimated the level origins of the HCN libration ͑intermolecular bend vibration͒ and the intermolecular stretch vibration to be 41 and 100 cm −1 , respectively. Larsen et al. 9 observed a sizable redshift ͑107 cm −1 ͒ of the intramolecular HCl stretching vibration on dimerization. Recently, using a synchrotron radiation source to access the difficult far-infrared spectral region, the first direct observation of the intermolecular HCl libration was reported by Larsen et al. 10 This band appears to have its origin at 331 cm −1 . These authors also observed a number of hot bands involving anharmonic coupling of the HCN and HCl librations.
Although the harmonic results of Araújo and Ramos 4 ͑53, 115, and 312 cm −1 for the HCN libration, intermolecular stretch, and HCl libration, respectively͒ are in reasonable agreement with the experimental frequencies, we believe that a more thorough ab initio study of the HCN-HCl complex is called for. In the present paper we present results obtained from a full four-dimensional intermolecular potential-energy surface ͑PES͒ computed with the highly correlated coupled cluster singles and doubles with perturbative triples ͓CCSD͑T͔͒ method. 11
II. POTENTIAL-ENERGY SURFACE

A. Ab initio calculations
The HCN-HCl dimer is here treated as a van der Waals complex with large amplitude motions and Jacobi coordinates are used to describe the geometry of the complex. Both the HCN and HCl monomers are treated as rigid rotors, which implies that we neglect the weak coupling of the intermolecular vibrations to the intramolecular modes that have much higher frequencies. HCN is linear with CH and CN bond lengths of 1.062 36 and 1.156 79 Å, 12 respectively. The HCl bond length was fixed at 1.2838 Å. 13 The potentialenergy surface depends on four coordinates: R, HCN , HCl , and . The coordinate R is the length of the intermolecular vector R which points from the center of mass of the HCN molecule to the center of mass of HCl. The atomic masses are 1.007 825 03 amu for H, 12 amu for C, 14.003 074 amu for N, and 34.968 85 27 amu for 35 Cl. The coordinate HCN is the angle between the vector R and the HCN monomer axis pointing from N to H, while HCl is the angle between R and the HCl axis pointing from Cl to H. Both angles range from 0 to . The coordinate is the dihedral angle between the planes through the vector R and the two monomer axes. This angle takes values between − and .
Space inversion, which is the only feasible symmetry operation 14 in the permutation-inversion group of the HCN -HCl complex, is equivalent to reflection in the xz plane of a body-fixed frame with the z axis along the vector R. It changes the internal coordinate into −. This symmetry reduces the computational effort because only points with between 0 and are needed to obtain the complete potential surface.
A grid of points on the intermolecular PES is computed at the CCSD͑T͒ level of theory using Dunning's correlation consistent polarized valence triple-zeta basis set augmented with diffuse functions ͑aug-cc-pVTZ͒. [15] [16] [17] The core orbitals ͑1s on carbon and nitrogen; 1s, 2s, and 2p on chlorine͒ are frozen in the correlation treatment and we employ the Boys-Bernardi counterpoise correction 18 to account for the basis set superposition error ͑BSSE͒. The PES grid is obtained by varying the four coordinates as follows. R takes values from 5.0a 0 to 10.0a 0 in steps of 0.5a 0 . In addition, interaction energies are computed at R = 12.0a 0 , 14.0a 0 , 16.0a 0 , and 20.0a 0 . The angles HCN and HCl take values between 0 and in steps of /12 ͑15°͒. The dihedral angle is varied between 0 and in steps of /6 ͑30°͒. Removing redundancies, we arrive at a total grid size of 13 425 points on the PES. The ab initio calculation of the PES grid is carried out with the DALTON electronic structure program. 19 It is well known ͑see, e.g., Ref. 1͒ that a small set of additional basis functions located at the middle of the intermolecular bond can significantly speed up basis set convergence of the interaction energy. In the present case, however, we encountered severe problems in converging the Hartree-Fock and coupled cluster equations when such functions were included. These problems typically emerged at large intermolecular separations, in some cases also when bond functions were not included. We therefore decided to proceed without bond functions. Close to the global minimum of the PES bond functions do not present computational problems. At the linear HCN-HCl geometry with R = 7.50a 0 , we compute the CCSD͑T͒ interaction energy to be −1560.3 and −1532.9 cm −1 using the aug-cc-pVTZ basis set with and without the 3s3p2d1f1g set of midbond functions from Ref. 20, respectively. Hence, at this geometry the midbond functions increase the absolute value of the interaction energy by 1.8%.
B. Analytic representation of the potential surface
The PES is represented by the following expansion in internal ͑or body-fixed͒ dimer coordinates:
with coefficients v L A ,L B ,L ͑R͒ depending on R. The angular functions with A ϵ HCN and B ϵ HCl are defined as where C L,M ͑ , ͒ are Racah-normalized spherical harmonics, and the difference between the azimuthal angles of the two monomers is the dihedral angle = A − B . The "primitive" angular functions are
where P L,M ͑cos ͒ are Schmidt seminormalized associated Legendre functions given, for example, in Eq. ͑9͒ of Ref. 21 . It is also possible, of course, to expand the potentials directly in terms of the primitive functions
͑4͒
We will briefly call this the LLM expansion, while Eq. ͑1͒ will be called the LLL expansion. The LLL expansion has the advantage that the coefficients v L A ,L B ,L ͑R͒ are invariant under rotation of the coordinate frame. Hence, this expansion can easily be transformed to space-fixed coordinates. Both expansions are in terms of orthogonal angular functions, and therefore each expansion ͑or Fourier͒ coefficient
be looked upon as an overlap integral between the expansion function A L
, ͒ and the function to be expanded. This implies that the expansion coefficients can be obtained by numerical integration on a Gauss-Legendre quadrature grid for the angles A , B , and an evenly spaced grid for . For the LLL expansion the number of grid points must at least be equal to the smallest of the numbers of A and B grid points, which numbers must at least be equal to max͑L A ͒ + 1 and max͑L B ͒ + 1. For the coefficients of the LLM expansion of Eq. ͑4͒ the integrals over A , B , and can be carried out independently. The required number of grid points, max͑M͒ + 1, is smaller than the number of A and B points when the range of M is restricted to be smaller than min͑L A , L B ͒. Moreover, the LLM expansion is computationally less expensive due to the absence of the summation over M and of the 3j symbol in the primitive functions of Eq. ͑3͒.
Since for the smallest values of R the potential becomes extremely repulsive for certain orientations of the monomers one would need terms with very high values of L A and L B in the expansion. To avoid this, the potential was damped in these strongly repulsive regions by means of a hyperbolic tangent function up to a value V max , as in Ref. 22
With this scheme, the damped potential Ṽ is continuous around V 0 up to the second derivative. Care was taken to use sufficiently high values of V 0 and V max , so that the potential was affected only in regions that are not of any practical importance in bound-state calculations. The actual values used were V 0 = 20 000 cm −1 , and V max =2V 0 .
After some experimentation with direct least-squares fitting of the expansion to the ab initio points, which produced less accurate results, we developed the following procedure. For each value of R on the ab initio grid we evaluated the coefficients v L A ,L B ,M ͑R͒ in the LLM expansion by numerical quadrature of the "overlap integral" of the expansion function A L A ,L B ,M ͑ A , B , ͒ and the potential V͑R , A , B , ͒. For each of the seven equally spaced ab initio grid points , the potential was first obtained on a 12ϫ 11 Gauss-Legendre integration grid in A , B by means of a two-dimensional cubic spline interpolation of the 13ϫ 13 evenly spaced ab initio points ͑ A , B ͒. This interpolation method is encoded in the INTERP2 function of the MATLAB program package. 23 In order to avoid the uncertainty about the first derivatives that occurs in a cubic spline method at the boundaries of the interval to be interpolated we extended the range of A and B from 0 ഛ ഛ to − ഛ ഛ 2. The values of the potentials for − ഛ ഛ 0 and for ഛ ഛ 2 were obtained from the original values for 0 ഛ ഛ by means of the transformations
which are simply a consequence of the periodic boundary conditions in spherical polar coordinates. In addition, we used that V͑R , A , B , ͒ = V͑R , A , B ,−͒, which follows from the reflection symmetry mentioned in Sec. II A. This extension turned out to be particularly important for the HCN-HCl system, because the rather steep global minimum occurs for a linear geometry with A = and B = , i.e., at the corner of the "normal" interval with 0 ഛ A , B ഛ . The coefficients v L A ,L B ,M ͑R͒ were thus computed for all values 0 ഛ L A ഛ 11, 0 ഛ L B ഛ 9, and 0 ഛ M ഛ 6. Once the coefficients v L A ,L B ,M ͑R͒ in the LLM expansion were obtained, the coefficients v L A ,L B ,L ͑R͒ in the LLL expansion were computed from the equation
͑7͒
This equation follows from the "inversion" of Eq. ͑2͒, with the use of the known properties of 3j symbols. 24 The expan-
It should be noted that for given L A and L B , the number of L values with even
Finally, the angular expansion coefficients v L A ,L B ,L ͑R͒ were fitted as functions of R by means of the reproducing kernel Hilbert space ͑RKHS͒ method 25, 26 with the reproducing kernel for distancelike variables. The dominant ͑ϰR −3 ͒ contribution to the potential in the long range is given by the dipole-dipole interaction with L A = L B = 1 and L = 2. All contributions with L = L A + L B and L Ͻ 5, which decay slower than the leading induction and dispersion terms ϰR −6 , were fitted with RKHS parameter m = L A + L B , so that they decay as R −L A −L B −1 beyond the outermost grid point. 25, 26 All expansion coefficients with L L A + L B or L A + L B +1ജ 6 were fitted with RKHS parameter m = 5 and decay as R −6 for very large R. The smoothness parameter n was always 2. The mean absolute deviation between the analytic representation and the ab initio values is about 1.1% at R =6a 0 , 1.8% at R =7a 0 , and about 0.3% for R ജ 8a 0 , relative to the mean absolute value of the potential at the same distance. The FOR-TRAN code of the analytic potential is available from the authors upon request.
C. Multipole expansion of the electrostatic interaction energy
We also computed the potential V in the long range directly from the multipole expansion. It was already shown in Ref. 27 that this expansion takes the form of Eq. ͑1͒ with the expansion coefficients of the first order electrostatic energy given by
The spherical multipole moments Q 0 L A of HCN and Q 0 L B of HCl were calculated at the ͑frozen core͒ CCSD͑T͒/aug-cc-pVTZ level with the ACES II program. 28 The values obtained are listed in Table I . The leading term in this expansion is the dipole-dipole term ϰR −3 and the expansion contains terms up to R −7 , inclusive, but only the terms up to R −5 inclusive are complete.
III. CALCULATION OF ROVIBRATIONAL STATES
The vector R has the spherical polar angles ͑␤ , ␣͒ with respect to a space-fixed frame. Rotation of the space-fixed frame over the angles ␤ around the y axis and ␣ around the z axis leads to a body-fixed ͑two-angle embedded͒ dimer frame which has R along its z axis. The vectors r A and r B along the monomer axes are expressed with respect to this two-angle embedded dimer frame.
The bound states of the HCN-HCl dimer were computed by diagonalizing the Hamiltonian,
Here B HCN = 1.4784 cm −1 and B H 35 Cl = 10.4402 cm −1 are the experimental ground-state rotational constants of the monomers. 29, 30 The quantity AB is the reduced mass of the dimer, J is the total angular momentum, and j A , j B are angular momenta of the monomers. The potential V ϵ V͑R , A , B , ͒ was described in Sec. II. This Hamiltonian is represented in the following basis:
with the normalized angular basis functions given by
Here Y m X ͑j X ͒ ͑r X ͒ denote spherical harmonics of the body-fixed angles of monomer X, which are coupled with Clebsch-
The quantity D MK ͑J͒ ͑␣ , ␤ ,0͒ * is a Wigner rotation function. 24 The total angular momentum J and its space-fixed z component M are exact quantum numbers. The quantum number K, which gives the projection of J ͑and of j A + j B ͒ on the dimer bodyfixed z axis R, is almost conserved. Functions with different K are mixed only by the J + and J − shift terms in the Coriolis
The radial basis functions are given by ͉n͘ϵ n ͑R͒ / R, where the n ͑R͒ are eigenfunctions of a reference Hamiltonian,
The n were computed using a sinc-function discrete variable representation 31 ͑DVR͒ on a 210-point R grid equally spaced in the range from 5a 0 to 20a 0 . The reference potential V ref ͑R͒ was obtained from a cut of the full potential V͑R , A , B , ͒ with the angles ͑ A , B ͒ fixed at their equilibrium values ͑ , ͒. This cut was scaled in order to achieve a nonlinear optimization of the radial basis and a term linear in R was added to include the effect of continuum wave functions. Both the scaling factor of 0.5 and the slope of 165 cm −1 / a 0 of the linear term in V ref ͑R͒ were optimized by minimization of the ground-state energy and the lower excited levels of the HCN-HCl complex in a full four-dimensional calculation with a smaller basis. The final vibrational basis ͉n͘ contained the first 22 eigenfunctions of H ref .
The potential is strongly anisotropic and rather high values of the angular quantum numbers j A and j B in the basis had to be included to converge the energy levels. All of the results reported were obtained with an angular basis of maximum j A = 14 and j B = 12. The increase of the maximum HCN internal rotation quantum number j A from 13 to 14 still lowered the ground-state energy by 0.07 cm −1 , the fundamental HCN and HCl librational frequencies were changed by less than 0.1%. The increase of the maximum HCl quantum number j B from 11 to 12 lowered the ground-state level by 0.22 cm −1 and changed the librational frequencies by less than 1%. The very small l-doubling constant q of the librational modes, which is on the order of 10 −4 cm −1 ͑see be-low͒, is nearly unchanged by the increase of the maximum j B from 11 to 12, but changes by 20%-30% by the increase of the maximum j A from 13 to 14. Also the small isotope shifts of the librational frequencies ͑on the order of 0.2-0.01 cm −1 , see below͒ are still expected to change with an increase of the basis size. We kept exactly the same basis and radial grid in all calculations in order to minimize the error in the relative quantities.
The HCN-HCl dimer has a permutation-inversion ͑PI͒ group which contains only two elements: the identity E and space inversion E * . The two irreducible representations ͑ir-reps͒ that are symmetric and antisymmetric under E * are denoted by AЈ and AЉ, respectively. For the interpretation of the results it is more illustrative to label the states with their spectroscopic parity ⑀ ͑e or f͒ which is related to the parity p under E * as p = ⑀͑−1͒ J . The overall parity p reflects the symmetry of the total wave function including rotation, while the spectroscopic parity e or f reflects the symmetry of the wave function corresponding to the internal motion of the complex.
We calculated the rovibrational bound states of the dimer for total angular momentum J = 0, 1, and 2 for both AЈ and AЉ symmetry. The total basis size ranges from 17 732 functions for the J =0, AЉ block up to 100 144 functions for the J =2, AЈ block. The 30 to 45 lowest eigenvectors of the Hamilton matrix were computed using a direct variant of the Davidson algorithm. 32, 33 Since Coriolis coupling was included in the calculation, K is, strictly speaking, not a good quantum number. Nevertheless, in most states the contribution of a single ͉K͉ was dominant, enabling us to label the states unambiguously with ͉K͉.
IV. DIFFERENT ISOTOPOMERS
Far-infrared spectra of various isotopomers of HCN -HCl were measured 10 in high resolution. H 12 CN was replaced by DCN and by H 13 CN, while H 35 Cl is naturally accompanied by H 37 Cl in the ratio of 3 to 1. In order to compute the rovibrational states of these isotopomers from the same potential surface ͑described above͒ we had to proceed in a few steps. First the potential V͑R , A , B , ͒ must be re-expressed in a new set of Jacobi coordinates obtained by the shifts of the monomer centers of mass. The following formulas can be used for this purpose:
where ␦ 
V. RESULTS
A. Potential surface
A contour plot of the potential surface for planar geometries with = 180°and 0°is shown in Fig. 1 . The HCN-HCl distance R is optimized in this plot; the equilibrium Here the HCN monomer is the donor in the hydrogen bond and HCl is the acceptor. When HCl is the hydrogen donor it is parallel to the intermolecular axis R, but when it is the acceptor it is nearly perpendicular to R. This was found also for HCl-HCl ͑Ref. 34͒ and OH-HCl. 35 The hydrogen-bonded structures of HCN-HCl that correspond to the global and local minimum in the potential are shown in Fig. 3 .
The shortest bond distance R of less than 6.7a 0 occurs for geometries with HCN nearly perpendicular to the bond axis R and HCl making an angle of about 135°with this axis, while = 180°. This geometry lies in the valley that connects the global and the local minimum. The latter is separated from the much deeper global minimum by a barrier of 36.6 cm −1 at R = 7.80a 0 , HCN = 34.8°, HCl = 109.1°, and = 180°. In Fig. 4 one observes that the long-range electrostatic multipole-multipole interactions play an important role in the hydrogen bond. Especially in the global minimum at the linear HCN-HCl geometry, which is already the most stable structure if one considers only dipole-dipole interactions. The secondary minimum, with HCN as the hydrogen donor and HCl almost perpendicular to the hydrogen bond axis, is stabilized in particular by the interaction between the dipole of HCN and the quadrupole of HCl.
B. Bound states
The calculated binding energy D 0 of HCN-HCl equals 1091.35 cm −1 , and since the well depth of the potential is D e = 1564.99 cm −1 there is a substantial zero-point vibrational energy of 473.64 cm −1 .
FIG. 1. Potential surface ͑in cm −1 ͒ at planar geometries for optimized R. The lower half of the figure for 0°ഛ HCl ഛ 180°corresponds to = 180°, the upper half for 180°ഛ HCl ഛ 360°is obtained from the potential for 0°ഛ HCl ഛ 180°and = 0°with the aid of the transformation in Eq. ͑6͒. Fig. 1 at planar geometries with = 180°and = 0°, put together as described in Fig. 1.   FIG. 3 . ͑Color online͒ The two hydrogen bonded structures corresponding to minima in the potential surface. ͑a͒ Global minimum; ͑b͒ Local minimum.
FIG. 2. Equilibrium values of R for the potential in
The bound levels computed on this potential surface are listed in Tables II-IV for K =0, ͉K͉ = 1, and ͉K͉ = 2, respectively. The approximate quantum number ͉K͉ is nearly conserved and plays an important role, since it is directly related to the excitation of the HCN and HCl librations. In order to understand this, one might first look at Fig. 5 , which shows that the ground-state wave function is quite well localized near the linear HCN-HCl equilibrium structure. The bend or librational mode͑s͒ of a linear polyatomic molecule ͑or com-plex͒ are twofold degenerate and generate vibrational angular momentum, usually denoted by a quantum number l. Librational fundamentals with v b = 1 have l = −1 , 1, the first libration overtone with v b = 2 has l =−2,0,2, etc. In the present case, there are two such librators, characterized by the quantum numbers v bHCN and v bHCl with angular momenta l HCN and l HCl . The quantum number K, which is the projection of the total angular momentum J on the bond axis R, is also the sum of the internal angular momenta of the bend modes, K = l HCN + l HCl . All the excited states in the energy region included in Tables II-IV are localized around the linear equilibrium geometry, as we shall illustrate below, and can therefore be characterized by these ͑approximate͒ quantum numbers. The other relevant quantum number, v s , refers to the intermolecular stretch mode in the coordinate R.
The assignment of the quantum numbers to the levels in Tables II-IV is based on a characterization of the states in two ways. The first is an analysis of the eigenvectors in terms of the basis in Eqs. ͑10͒ and ͑11͒. The quantum numbers m A and m B in this basis correspond to the librational angular momenta l HCN and l HCl . In order to determine which values of m A and m B predominantly occur in a given eigenvector, we transform the coefficients in terms of the coupled basis of Eq. ͑11͒ to a set of coefficients in terms of an uncoupled basis consisting of products of spherical harmonics Y m The fundamental frequencies that we extract from these data are 48.7 cm −1 for the HCN libration and 311.7 cm −1 for the HCl libration. The stretch fundamental ͑v s =1͒ forms a Fermi resonance with the l HCN = 0 component of the HCN libration overtone v bHCN = 2. The frequency of 102.6 cm −1 for the intermolecular stretch mode is probably pushed up by this resonance, while the HCN libration overtone frequency of 84.2 cm −1 is lowered. The l HCN = 2 component of the v bHCN = 2 overtone level, which is not affected by this resonance, has a frequency of 94.4 cm −1 . This resonance repeats itself for v s = 2 and v bHCN =4, v s = 3 and v bHCN = 6, etc. All of these states are strongly mixed, which complicated the analysis.
The levels were computed for total angular momentum J = 0, 1, and 2. Just as in the analysis of the experimental spectra 10 the energy levels for K = 0 were represented by the expression
The band origins 0 , rotational constants B, and distortion constants D J are included in Table II . The levels for ͉K͉ =1 are split by off-diagonal Coriolis interactions that mix the parity-adapted basis functions of K = ± 1 with those of the same parity and K = 0. The resulting small splitting between e and f parity levels is usually called l doubling. These levels were represented by the expression 
where q is the l-doubling constant and the ϩ and Ϫ signs hold for the f and e levels, respectively. These values are included in Table III . We could not extract a distortion constant D J from these levels, because we only know their energies for J = 1 and J = 2. Finally, for the levels with ͉K͉ =2 we could not even derive rotational constants B, because we only computed energies for J =2 ͑which was already rather costly͒. The splitting between the ͉K͉ = 2 levels of e and f parity is extremely small, because Coriolis coupling only mixes functions that differ by one in their values of K. Func-tions with K = ± 2 only mix indirectly ͑through K = ± 1 func-tions͒ with the K = 0 functions. Table IV shows that the l-doubling parameter ␦ of the ͉K͉ = 2 levels, which we defined by setting the f-e parity splitting equal to ␦J͑J +1͒, is on the order of 10 −7 -10 −8 cm −1 .
The results in Tables II-IV e parity. This combination state has another component with l HCN = l HCl = ± 1 and ͉K͉ = 2 with both e and f parity. The energy of the latter component is 352.8 cm −1 . Some levels, for example, the K = 0 levels at 301.9 and 354.0 cm −1 in Table II , have anomalously large distortion constants D J . These levels are perturbed by Coriolis interactions with nearby ͉K͉ = 1 levels. The latter exhibit anomalously large l-doubling constants q, see Table III, for the  same reason. The Fermi resonances between the HCN librational modes with v bHCN =2,4,6 and l HCN = 0 and the stretch modes with v s =1,2,3 that we mentioned above are marked in Table  II . The same type of resonances occur between the ͉K͉ =1 levels with v bHCN =3,5 and l HCN = 1 and the levels with one quantum of stretch excited instead of each two HCN librational quanta, see Table III . And, again, between the ͉K͉ =2 levels with v bHCN =4,6 and l HCN = 2 and the levels with one extra quantum of stretch for each two HCN librational quanta, see Table IV .
The wave functions of the HCN librational progression are displayed in Fig. 6 , those of combinations of HCN and HCl librational states in Figs. 7 and 8. All of the characteristic nodes are clearly visible, although it is also clear that for the states of e parity the HCN libration involves some libration of the HCl molecule as well, and vice versa. A much better separation occurs for the states of f parity, where the orientation of the nodal planes is partly fixed by symmetry. The energies of the corresponding e and f states are very similar, however, even for K =0.
C. Isotope effects on the bound states
The results computed for different isotopomers of HCN-HCl are summarized in Table V . First we discuss the effect of substituting HCN by DCN, next that of replacing H 35 Cl by H 37 Cl.
The frequency of the HCN libration shifts down from HCN-HCl to DCN-HCl by an amount of 3.34 cm −1 , i.e., by almost 7%. The downward shift expected in a harmonic model is 10%, proportional to the square root of the ratio of the rotational constants of DCN and HCN. The fact that the actual shift is smaller is probably due to the large amplitude of the librational mode giving rise to anharmonic effects. The HCl librational frequency is also affected by the HCN / DCN substitution, but only very slightly. It shifts up from HCN-HCl to DCN-HCl by 0.22 cm −1 . The rotational constant B becomes somewhat smaller. Partly this is an effect of the increased reduced mass of the complex, and partly it is caused by the average hydrogen bond length R 0 = 7.848a 0 of DCN-HCl being larger than R 0 = 7.710a 0 for HCN-HCl. The latter is caused by the smaller zero-point amplitude of the DCN libration in comparison with the HCN libration, leading to a more extended average linear structure of DCN-HCl. The intermolecular stretch frequency decreases by 2.3%, while the reduced mass ratio of DCN-HCl and HCN-HCl would give a decrease of only 1.0% in the harmonic approximation. The remainder should be ascribed to the effects of the increased average bond length and of anharmo- 5 . Ground-state wave function, e symmetry, K = 0. Cuts for = 180°a nd = 0°are combined as in Fig. 1 ; R =7.4a 0 .
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Potential-energy surface of HCN-HCl J. Chem. Phys. 124, 204315 ͑2006͒ nicity. The change of the small l-doubling constant q is probably significant for the HCN libration. The value of q for the HCl libration is still smaller by an order of magnitude and will be rather unreliable, due to the fact that even the large angular basis which we used is not sufficient to converge the very small f-e parity splitting of the HCl libration excited level.
The shifts of the librational frequencies with the H 35 Cl to H 37 Cl substitution are extremely small. The fact that the HCN libration shifts only slightly when H 35 Cl is replaced by H 37 Cl may not be surprising, but for the HCl librational frequency the computed shift of about 0.007 cm −1 is smaller by more than an order of magnitude than the shift of 0.23 cm −1 expected from the ratio of the rotational constants of H 37 Cl and H 35 Cl in a harmonic model. We found the following explanation. Although the potential of HCN -H 37 Cl is the same as that of HCN -H 35 Cl, the anisotropy of this potential for the libration of HCl is different, due to the shift of the center of mass of HCl. It is precisely this phenomenon that necessitated a re-expansion of the HCN -H 35 0.16 cm −1 is more normal now; the ratio of the rotational constants of H 37 Cl and H 35 Cl gives a lowering of 0.23 cm −1 in the harmonic approximation. Hence, the fact that the shift of the HCl librational frequency in the regular HCN -H 37 Cl calculation is so extremely small is caused by the near cancellation of two larger shifts: a downward shift from the effect of the Cl mass-dependent kinetic-energy terms and an upward shift from the increased anisotropy of the potential. The fact that this anisotropy has increased can be understood from the observation that the protruding hydrogen atom of HCl is further away from the mass center in H 37 Cl than in H 35 Cl. The intermolecular stretch frequency shifts down by 0.8%, which is slightly less than the harmonic shift expected from the ratio of the reduced masses of HCN -H 37 Cl and HCN-H 35 Cl. From the rotational constants B one derives that the average hydrogen bond length R 0 = 7.710a 0 of HCN-H 37 Cl is nearly the same as in HCN -H 35 Cl.
D. Comparison with experiment and literature data
Our results may be compared in detail with the high resolution spectra of different HCN-HCl isotopomers measured by Larsen et al. 10 These spectra concern the HCl libration ͑or bend͒ mode, the band origin of which was found at 331.399 66 cm −1 for HCN -H 35 Cl. We found a frequency of 311.73 cm −1 for this band origin, only 6% too low, which indicates that our potential surface is fairly accurate. The measured ground-state rotational constant BЉ is For all of these quantities there is good agreement between theory and experiment, which confirms the accuracy of the ab initio potential surface. Even the very small l-doubling constant q 6 of the HCl libration ͑the 6 mode͒ has the correct order of magnitude: we found q 6 = 0.38ϫ 10 −4 cm −1 , the measured value is q 6 = 0.2946ϫ 10 −4 cm −1 .
The shift of the HCl librational frequency with the substitution of HCN by DCN is 0.3029 cm −1 . We computed a shift of 0.22 cm −1 , in the same upward direction. Although the relative error is not small we consider the agreement as fairly good, given the indirect nature of the shift. The ground-state rotational constant BЉ decreases by 0.003 70 cm −1 from 0.066 999 18 cm −1 for HCN-HCl to 0.063 300 0 cm −1 for DCN-HCl. The corresponding decrease of BЉ from our calculations is 0.003 58 cm −1 , in very good agreement. The computed change in the q 6 value of the HCl libration is unrealistic, however, due to the difficulty of converging this very small quantity.
The measured frequency lowering of the HCl libration fundamental when H 35 Cl is replaced by H 37 Cl is 0.0216 cm −1 . Although the relative error between this shift and the computed shift of 0.007 cm −1 is not small, we conclude that the agreement is remarkable: both experiment and theory give a shift that is smaller by an order of magnitude than the harmonic model prediction of 0.23 cm −1 based on the ratio of the H 37 Cl and H 35 Cl rotational constants. With the aid of additional calculations we found the origin of this anomalously small shift. It is caused by a near cancellation of two larger shifts with opposite signs: one from the change of the HCl mass and rotational constant in the kinetic energy and one from the change of the effective anisotropy of the potential.
Also hot bands in which the HCl libration is excited from initial levels that correspond to the low-lying HCN libration fundamental and its overtones were reported in Ref. 10 . The final levels in these transitions have the same HCN librational quantum numbers v bHCN and l HCN as the initial levels. From tentative assignments of the HCN -H 35 Cl spectrum it follows that the frequencies of the hot bands with v bHCN = 1 and v bHCN = 2 are redshifted with respect to the HCl libration fundamental by 5.2 and 10.1 cm −1 , respectively. The frequency that we computed for the HCN + HCl libration combination with K = 2 is 352.8 cm −1 and the fundamental frequencies of the HCN and HCl librations are 48.7 and 311.7 cm −1 , respectively. Hence, the redshift ͑or anharmonicity constant͒ computed for the first hot band with v bHCN = 1 relative to the HCl libration fundamental is 7.6 cm −1 . This anharmonicity constant would have been 8.1 cm −1 if we had taken the HCN + HCl libration combination with K =0. The measured value probably refers to the K = 2 band. The computed frequency for the HCN overtone+ HCl libration combination with v bHCN =2, l HCN = 0, and K = 1 is 384.5 cm −1 and the corresponding HCN overtone frequency is 84.2 cm −1 , so we obtain for the second hot band with v bHCN = 2 and l HCN = 0 a redshift of 11.4 cm −1 relative to the HCl libration fundamental. The HCN overtone+ HCl libration combination with v bHCN =2, l HCN = 2, and K = 1 has a frequency of 391.7 cm −1 and the corresponding HCN overtone frequency is 94.4 cm −1 , so the second hot band with v bHCN = 2 and l HCN = 0 has a calculated redshift of 14.4 cm −1 . The experimental shift of 10.1 cm −1 for the second hot band is believed to belong to the HCN libration overtone with v bHCN = 2 and l HCN = 2. The assignment of this hot band to the l HCN = 0 component of the v bHCN = 2 overtone is in better agreement with our calculations, but perhaps the use of the frequency for K = 3 instead of the one computed for K =1 would have given a different result.
Frequencies of 53, 115, and 312 cm −1 for the HCN libration, intermolecular stretch, and HCl libration were obtained from harmonic calculations by Araújo and Ramos, 4 in fairly good agreement with our results from fully anharmonic and coupled four-dimensional calculations, see Table  V . For the electronic structure calculations they used the MP2 method. Experimental estimates 7 for the level origins of the HCN libration ͑or bend vibration͒ and the intermolecular stretch vibration are 41 and 100 cm −1 . Also these values agree reasonably well with our computed HCN libration and intermolecular stretch frequencies of 48.7 and 102.6 cm −1 .
VI. CONCLUSION
We calculated a four-dimensional intermolecular potential energy surface for the HCN-HCl complex with rigid monomers with the use of the CCSD͑T͒ method in an augcc-pVTZ basis. BSSE-corrected interaction energies were computed for 13 425 geometries. An angular expansion in terms of coupled spherical harmonics was fitted to these data with the aid of a combined interpolation/integration procedure; the dependence of the expansion coefficients on the intermolecular distance R was described by the reproducing kernel Hilbert space ͑RKHS͒ method. The global minimum in the potential with D e = 1565 cm −1 and R e = 7.47a 0 corresponds to a linear HCN-HCl hydrogen bonded structure with HCl as the donor. A secondary hydrogen bonded equilibrium structure with D e = 564cm −1 and R e = 8.21a 0 has a T-shaped geometry with HCN as the donor and the acceptor HCl molecule nearly perpendicular to the intermolecular axis.
This potential surface was used in a series of bound state computations for the isotopomers HCN -H 35 Cl, DCN-H 35 Cl, and HCN -H 37 Cl with total angular momentum J = 0, 1, 2 and spectroscopic parities e, f. The method used is a contracted DVR scheme in the intermolecular distance R, combined with a coupled channel approach in the internal angles HCN , HCl , of the complex and the Euler angles of the overall rotation. For the calculations on DCN-H 35 Cl and HCN -H 37 Cl, because of the shift of the monomer centers of mass, the potential of HCN -H 35 Cl had to be re-expanded in a new set of internal Jacobi coordinates RЈ , HCN Ј , HCl Ј , and Ј.
The bound states of HCN-HCl could be analyzed in terms of the approximate quantum numbers v bHCN , l HCN and v bHCl , l HCl of a linear polyatomic molecule with two internal librators, plus a quantum number v s for the intermolecular stretch vibration. Also the quantum number K = l HCN + l HCl , which is simultaneously the projection of J on the intermolecular axis R, plays an important role in determining the character of the bound states. The shifts in the vibrational frequencies, rotational, and l-doubling constants caused by isotopic substitutions were discussed. The effects of replacing HCN by DCN are in line with predictions based on the mass and rotational constant ratios in a harmonic oscillator model. Replacing H 35 Cl by H 37 Cl gives seemingly anomalous effects, which could be understood after separating the kinetic mass effects from the effects of the modified anisotropy of the potential caused by the change of Jacobi coordinates. The results were compared with the recent high resolution spectrum of Larsen et al. 10 in the region of 330 cm −1 corresponding to the HCl libration. The agreement between theory and experiment is good, which confirms the accuracy of our HCN-HCl potential surface.
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